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Abstract
Post combustion Carbon Capture (PCC) and Storage technology is viewed as an efficient solution to 
reduce CO2 emissions. In PCC, an amine in aqueous solution can be used to selectively capture CO2
from a flue gas to usually achieve a targeted 90% CO2 removal. However, using a 30% wt solution 
of MonoEthanolAmine (MEA), 3.7 GJ/tCO2 is required to release the carbon dioxide from the 
solvent, which is not satisfactory either from the economical point of view, or from the 
environmental point of view. One alternative to improve the process is to tune the chemical 
properties of the solvent in order to obtain a higher cyclic capacity of absorption than the one of
30% wt MEA solution. This allows to reduce the total liquid flow rate in the CO2 capture plant, and 
thus the energy requirement for a given CO2 removal. Another alternative, which can be combined
with the first alternative, is to tune the physical properties of the solvent in order to obtain a liquid-
liquid phase separation in the process. In this class of DMX™ solvents, the CO2 captured 
concentrates in one of the two phases and only a portion of the total flow rate has to be sent to the 
stripper and thus, the energy requirement for a given amount of CO2 captured is reduced. In this 
work, we present liquid-vapor and liquid-liquid equilibrium data obtained with different DMX™
solvents along with the corresponding estimations of the potential reduction of the liquid flow rate 
in the stripper.  
© 2010 Elsevier Ltd. All rights reserved
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1. Introduction
The control of CO2 emissions to the atmosphere has become a worldwide issue over the last few 
years as a direct correlation between greenhouse gas emissions and climate change is now 
commonly accepted. Carbon dioxide emissions mainly come from coal-fired power stations, and on 
lower scale from furnace and concrete plant. Post combustion Carbon Capture (PCC) and storage
technology is one of the solution considered on a short-term schedule as it does not require deep 
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modifications of existing power stations [1], furnace or concrete plant. In PCC, the flue gas is 
usually contacted with an aqueous amine solution within an absorption column (or absorber) at low 
temperature around T≈40 °C, where the amine reacts with carbon dioxide through a selective 
chemical reaction. The CO2 rich solvent is then directed across a heat exchanger towards a 
regeneration column (or stripper) at high temperature around T≈120 °C, where steam is used to heat 
the solvent, to balance the chemical reaction and to strip the CO2 from the liquid solution. The CO2
lean solvent is then recycled back to the absorber and the freed carbon dioxide is pressurized prior 
to transport and storage. 
Knowledge in solvent formulation for PCC comes from experience acquired in the field of 
natural gas sweetening, where aqueous amine solutions have been used for several decades to 
selectively remove CO2 and H2S from gaseous hydrocarbons[2]. Originally, alkanolamines like 
DiEthanolAmine (DEA) or N-MethylDiEthanolAmine (MDEA) have been preferred for several 
reasons. First, alcohol groups reduce drastically the vapor pressure of the amine, which guarantee
no contamination of the treated gas by the amine. They also allow a tunable reactivity of the amine, 
in order to be in adequation with the acidity of the gas. Thus in PCC, MEA has been preferred 
rather than DEA or MDEA, due to its higher reactivity at very low CO2 partial pressure (from 0.1 to 
0.3 bar depending of the emissions sources). Finally, an alcohol group increases the solubility of the 
amine in water, and keeps the dielectric constant of the solvent high, even at high amine 
concentration. Indeed, high amine solubility and high dielectric constant are two important features 
in order to avoid any liquid-liquid phase separation or precipitation, when a high amount of salt is 
produced by the reaction between the amine and the acid gas.
Rather than considering liquid-liquid phase separation or precipitation[3],[4],[5],[6],[7] as a 
drawback, as it has been seen in the field of natural gas sweetening, we can consider this property as 
a very good opportunity to reduce the cost of carbon dioxide capture. Indeed, if the CO2 captured 
concentrates in one of the two phases, only a portion of the total absorbent flow rate has to be sent 
to the stripper. We focused on solvents that exhibit a liquid-liquid phase separation, which is from 
the industrial point of view easier to handle than a liquid-solid separation.
In this work, we present liquid-liquid and liquid-vapor equilibrium data obtained on different 
solvents. We present different phases diagrams that are characteristic of what can be obtained with 
amine solutions and we demonstrate that even if a liquid-liquid phase separation is obtained, this 
one is not necessarily interesting for energy savings. We also show that compositions of the two 
liquid phases depend on various parameters like amine concentration in the solvent, CO2 loading or 
solvent temperature. Finally, we show that by modifying the structure of the amine, a good 
improvement of the cyclic capacity of CO2 absorption can be achieved, compared to 30% wt MEA 
solution. Moreover, simple thermodynamic calculations based on our liquid-vapor and liquid-liquid 
measurements demonstrate the potential reduction of liquid flow rate in the stripper, in addition of 
the reduction of the total liquid flow due to the higher cyclic capacity.
2. Experimental section
2.1. Studied amines
Amines tested in this work were either purchased from Sigma Aldrich with the highest purity 
available (i.e. >97%) or synthesized at IFP Energies nouvelles. Samples of aqueous amine solutions 
were subsequently prepared using deionized water. 
2.2. Liquid-vapor equilibrium measurements
The apparatus used for measuring CO2 absorption isotherms in aqueous amine solutions is 
described elsewhere [7]. Briefly, the device consists of six stirred cell reactors designed to operate at 
pressures ranging from vacuum up to 10 bar and at temperatures up to 120 °C. The reactors can be 
operated independently at different temperatures and a regulating device allows to maintain a 
constant temperature in each reactor within ±0.5 °C. Temperature and pressure variations are 
recorded in the reactor each 200 ms. Vacuum is made in each reactor before introducing the solvent. 
Stirring of the solution is operated using gas-inducing agitators and CO2 injections are then 
performed using fixed volume ballasts surrounded by two pneumatic valves. We use a S7-300 
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Siemens automaton which can be sequentially programmed to control different thermodynamic 
conditions reached by each reactor. Prior to starting the experiment, the user defines a number of Ns
equilibrium total pressure steps (Pi, i=1, Ns) to be reached by the system. The algorithm cycles 
through the different pressure steps defined by the user and once the final step is reached, the 
reactor is cooled down to room temperature and the program is completed. At the end of the 
experiment, mass and volume balance calculations within the system are used to calculate the 
corresponding absorption isotherm curve (PpCO2 = f(!) where !=nCO2/namine is the global loading of 
the solvent).
2.3. Liquid-Liquid equilibrium measurements
In order to monitor the liquid-liquid separation of the solvent, we used a jacketed glass reactor in 
which a known amount of solvent is introduced. Temperature in the reactor is measured using a 
thermocouple and adjusted up to 90°C by the means of a fluid passing through the jacket of the 
reactor. Partial pressure of CO2 in the reactor is controlled either by adjusting the gas flow rate of 
CO2 and N2 (inert gas for the solvent), either by increasing the total pressure in the reactor up to 2 
bar. An efficient gas-liquid and liquid-liquid contact is ensured using a gas-inducing agitator at 
2000 r.p.m. The gas introduced in the reactor, after reaction with the aqueous solution, flows 
through a condenser to avoid any loss of water and amine. A fraction of the dried gas is then 
collected to be analyzed with an in-line gas chromatograph. A single analysis every two minutes 
permits to obtain a breakthrough curve, and to calculate the global loading ! (!=nCO2/namine) of the 
solvent. When equilibrium is reached in the cell, samples of each phase are withdrawn, quenched in 
melting ice to avoid CO2 release, and analyzed to determine water, amine and CO2 concentrations.
2.4. Sample analysis
Karl-Fischer analysis is used to determine the water concentration in the sample. 
Acid-base titration is used to determine amine concentration in the sample. Several equivalent 
points are obtained depending on the sample, due to the titration of free amine and of the different 
CO2 species. Nevertheless, when using a stronger acid than carbonic acid, the last equivalent point 
corresponds to the total amine concentration in the sample. Indeed, carbamates are not stable under 
acid pH [8], and are hydrolyzed in bicarbonates and amine. Thus, at the end of the titration, only 
carbonates and bicarbonates anions stand in the solution. Those two species are titrated by a strong 
acid and, due to electroneutrality balance, correspond to the amount of protonated amine. The last 
equivalent point corresponds therefore to the total amine concentration, free or protonated. 
Volumetric titration[9] is used to determine CO2 concentration in the sample. As explained 
before, the addition of a strong acid hydrolyzes the carbamates in bicarbonates. In addition, it shifts 
the acid-base equilibrium from carbonates, to bicarbonates, to carbonic acid and releases
quantitatively the CO2 in the gas phase. The volume of CO2 released is measured and allows us to 
determine the CO2 concentration.
Using three analytical techniques to determine the three components of the solution, we were 
able to check the mass balance in each phase. We also checked that mass balance within the two 
phases are consistent with the mass of water and amine introduced initially in the jacketed reactor, 
and the mass of CO2 absorbed, determined by the breakthrough curve.  
Results are expressed in mass concentration of amine, as if the solvent was free of CO2, and CO2
loading.
3. Results
3.1. Liquid-liquid equilibrium
A large number of amines (more than 300) of the generic formula R1R2R3N have been tested in 
different experimental conditions, varying amine concentrations from 0 to 100% wt, partial 
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pressures of carbon dioxide from 0 to 2 bar, and temperatures from 20 to 90°C. From our screening 
tests, amines can be classified in three categories:
1. Amines that are fully soluble in water, and do not exhibit any liquid-liquid phase 
separation in the experimental conditions described above;
2. Amines that are not soluble in water at room temperature;
3. Amines that are soluble in water at room temperature, and exhibit a liquid-liquid phase 
separation in a given amine concentration range, either by an increase of the loading or by 
an increase of the temperature.
Most of the amines commercially available belong to the first category, and examples of such 
amines are MEA, DEA and MDEA. These molecules are clearly out of the scope of this work, as 
well as the molecules belonging to the second category. 
Indeed, if the amine is not soluble in water at room temperature, it means that the solvent would 
be biphasic in at least a part of the absorber, where contact between the flue gas and the solvent is 
critical. This behavior should be industrially avoided, to prevent absorber oversizing. This is 
particularly true with tertiary amines that need to be in contact with water in order to react with 
carbon dioxide (reactions (1) to (3)). Thus, insoluble tertiary amines have a very low reactivity 
towards CO2, and are not good candidate to formulate a new solvent. A good example of such 
amines would be N,N-dimethylbenzylamine.   
Finally, only amines regrouped in the third category seem to be of interest to formulate a DMX™ 
solvent for CO2 capture. In the following, we choose to focus on liquid-liquid equilibrium obtained 
on one hand with tertiary amines, and on the other hand with primary and secondary amines. 
Indeed, the difference of chemical reactivity leads to difference in physical properties, and tertiary 
amines have clearly a different behavior than primary or secondary amines. 
As a reminder, amines that have only tertiary amine groups can only react with carbon dioxide by 
acid-base reaction, driven by the following equilibria: 
  
CO2 ∀ H2O#HCO3
∃ ∀H∀ (1)
HCO3
∃ # CO3
2∃ ∀H∀ (2)
R1R2R3NH
∀ # R1R2R3 N ∀H
∀ (3)
Amines that have at least a primary (R2=R3=H) or secondary (R3=H) amine group can in addition 
react with carbon dioxide by carbamate formation, driven by the following equilibrium: 
R1R2NCOO
∃ ∀ H2O# R1R2NH∀ HCO3
∃ (4)
a) Tertiary amines
We present on figure 1 the phase diagram obtained with two tertiary amines, molecule A and 
molecule B, that have very close structure but exhibit two different behaviors. 
With molecule A, a liquid-liquid phase separation can be observed by increasing the loading of 
aqueous solutions having a concentration higher than 40% wt. In this specific case, increasing 
amine concentration leads to phase separation at a lower loading. If the amine concentration or the 
CO2 partial pressure is high enough, one phase is free of CO2 with a very high concentration of
amine (higher than 90% wt), while the other phase presents a high loading (around 0.9 moles per 
moles) with a higher water content (around 40% wt). This phase separation could be interesting for 
a DMX™ process, but the high amine concentration and the high CO2 partial pressure needed
(above 0.1 bar) to get this efficient phase separation of CO2 between the two phases are not 
compatible with the targeted application. 
With molecule B, at low temperature, the same phenomenon of phase separation due to an 
increase of loading is observed. Nevertheless, the slight variation of the amine structure results of 
an increase of the two phase region. In addition, an important variation of the phase diagram is 
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observed when increasing the temperature, which was not observed with molecule A. This phase 
separation obtained by an increase of the temperature with molecule B even exists at zero loading. 
Indeed, molecule B displays a Lower Critical Solubility Temperature (LCST), as it has already been 
reported for several other amines[10],[11]. The two phase region obtained at high temperature is 
then the combination of two physical phenomena, phase separation due to an increase of the 
loading, and phase separation due to an increase of the temperature. Thus, molecule B seems to be a 
better candidate than molecule A to formulate a DMX™ solvent, since the liquid-liquid phase 
separation is obtained at a lower amine concentration and a lower loading.
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Figure 1 Phase diagram for ternary mixtures of CO2 – water – tertiary amine in the range of concentration from 0 to 
100% wt, range of loading from 0 to 1, and range of temperature from 20 to 90°C (() 20°C, () 40°C, () 57°C, ( ) 
60°C and () 90°C) : with molecule A (left) and with molecule B (right).
Surprisingly, from our screening tests, we have not found any tertiary amines that exhibit a 
liquid-liquid phase separation due only to an increase of the temperature without presenting a 
liquid-liquid separation due to an increase of the loading.
b) Primary or secondary amines
Conversely, we have not found any primary or secondary amines that exhibit a liquid-liquid 
phase separation due to an increase of the loading, without also exhibiting a liquid-liquid separation 
due to an increase of the temperature. Indeed, at low temperature, despite a huge number of primary 
and secondary amine tested, no phase separation with an increase of the loading was observed.  
Thus, we present on figure 2 the phase diagram obtained with two amines, molecule C and 
molecule D, that both have a LCST. Nevertheless, even if the structure of molecule C and D are 
close, the phase diagrams obtained are quite different. 
With molecule C, the liquid-liquid phase separation obtained by an increase of the temperature 
does not spread with an increase of the loading (lower than 0.2). Thus, molecule C is not a good 
candidate for a DMX™ process, as the phase separation will only occurs at the bottom of the 
stripper, and will not allow any energy savings. 
However, with molecule D, the liquid-liquid phase separation obtained by an increase of the 
temperature does spread to higher loading than with molecule C. As previously observed with 
tertiary amines, one of the phases obtained is free of CO2 and highly concentrated in amine, 
whereas the other has a high loading and a higher water content. In conclusion, molecule D could 
be a good candidate to DMX™process.
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Figure 2 Phase diagram for ternary mixtures of C O2 – water – primary or secondary amine in the range of concentration 
from 0 to 100% wt, range of loading from 0 to 1, and range of temperature from 20 to 90°C (() 56°C, ( ) 70°C and 
() 90°C): with molecule C (left) and with molecule D (right).
3.2. Liquid-vapor equilibrium and process calculating
As only molecules B and D present satisfactory phase diagram in order to reduce liquid flow rate 
in the stripper, we only focus in this section on results obtained with these two molecules. 
Figure 3 shows isotherm of absorption at 40°C of four solvent of interest: 30% wt MEA, 30%wt 
molecule B, 30%wt molecule D and 50% wt molecule D aqueous solution. Loading is expressed in 
moles of CO2 per kg of solvent, which is the appropriate unit to compare solvent in term of process 
performance. We can see that at 30% wt in aqueous solution and for CO2 partial pressure of 
interest, i.e. 0.1 bar, both molecule B and D have a capacity of absorption comparable to the one of  
MEA. Nevertheless, the shape of their isotherm for molecule B and D is clearly different that the 
one of MEA. For the latter one, a high reduction of the partial pressure of CO2 is needed to reduce 
the loading of the solution down to zero, which would result in an important excess of steam in the 
stripper. In practice, to circumvent this problem, a 30% wt solution of MEA is only regenerated 
down to a lean loading of 0.25 moles per moles, i.e. a lean loading of 1.3 moles of CO2 per kg of 
solvent. It results in a relatively poor cyclic capacity of 1.3 moles of CO2 per kg of solvent. 
Conversely, isotherm of molecule B and D are relatively flat and thus a low stripping is required to 
regenerate the solvent down to a loading of zero. Then, molecule B and D would have a much better 
cyclic capacity than MEA, with 2.8 and 2.4 moles of CO2 per kg of solvent respectively. 
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Figure 3 Partial pressure of CO2 versus loading of a 30% wt MEA (), a 30% wt molecule B ( ), 30% () and 50% wt 
() molecule D aqueous solutions, at 40°C.
By increasing the concentration from 30 to 50% wt, the performance of molecule D in the 
process is improved, with a cyclic capacity increasing from 2.4 to 3.2 moles of CO2 per kg of 
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solvent. In conclusion, more favorable liquid-vapor equilibrium of molecule B and D compared to 
MEA, results in higher cyclic capacity and thus lower total liquid flow rate in the separation unit. 
As mentioned previously, a reduction of liquid flow rate in the stripper is possible with some 
DMX™ solvents thanks to the liquid-liquid phase separation. In the following calculation, we 
consider only one decanter, between the heat cross exchanger and the stripper, at an average 
temperature of 90°C, as schemed on figure 4.
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Figure 4 Basic scheme of  a DMXTM process with the addition of a decanter between the cross heat exchanger and the 
stripper, compare to a conventional process (left). Phase diagram of molecule D at 90°C () with compositions of 
aqueous solution 30%wt. ( ) and 50%wt. () before and after fl ash (right).
An important property to consider for molecule B and D is the amount of CO2 released after the 
heat cross exchanger. Depending on the pressure of the flash, up to 70% of the CO2 previously 
captured can be released (Table 1). This shows another advantage of molecule B and D when 
compared to MEA, with which almost no CO2 is released after the heat cross exchanger, due to the 
stiffness of the isotherm around a loading of 0.5 moles per moles. 
For a demonstration purpose, two flash pressures have been considered: 1 and 2.5 bar. One would 
first think that a higher flash pressure would be more interesting as it would need a lower number of 
compression stages before transport and storage, but with DMX™ solvents, one should also take 
into account the liquid-liquid equilibrium into the flash. Indeed, the more CO2 is released, the 
higher the amount of free amine is, and thus the higher the reduction of flow rate in the regenerator 
is. For example, for molecule D at 30% wt, with a flash at 2.5 bar, no liquid-liquid phase separation 
is obtained, whereas with a flash at 1 bar, a reduction of 11% of the liquid flow rate in the stripper 
can be achieved. At a higher amine concentration, i.e. 50% wt, a liquid-liquid phase separation can 
be obtained at a flash pressure of 2.5 bar, but the reduction of the liquid flow rate in the stripper is 
relatively low. At a lower flash pressure, i.e. 1 bar, a reduction up to 37% of liquid flow rate in the 
stripper can be achieved.
Table 1 Estimation of the performance of two DMXTM solvent compare to a 30% wt MEA. 
MEA Molecule D Molecule B
[Amine] (%wt.) 30 30 50 30
mol CO2 per kg before flash
(40°C ; 0,1bar CO2)
2,6 2,4 3,2 2,8
P flash (bar) 90°C 1 2,5 1 2,5 1 2,5 1 2,5
mol CO2 per kg after flash
(90°C ; flashCOPp 2 )
2,2 2,6 1,2 2,3 1,1 2,3 0,7 1,8
Flashed CO2 (%) 15 0 50,0 4 65 28 75 36
Flow reduction in strippe r 
(%) - - 11 - 37 8 27 14
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4. Conclusions and perspectives
In this work, we presented some physical and chemical properties of DMX™ solvents. Besides 
having a better liquid-vapor equilibrium than MEA, which allows the reduction of the total liquid 
flow rate, some DMX™ solvents allow an additional reduction of the liquid flow rate in the 
regenerator due to liquid-liquid phase separation. The obtained results clearly show the interest for 
CO2 capture of DMX™ solvents that have not been considered before. More techno-economical 
details of the DMX™ process, with the DMX-1 formulation, are described elsewhere[12]. 
Different physical behaviors have been reported with on one hand tertiary amines, and on the 
other hand primary and secondary amines. These two classes of molecules have different physical 
properties linked to their difference of reactivity toward CO2 and structure. Another important 
aspect seems to be the property of lower critical solubility temperature that some amines have, but 
this property is not necessarily enough to have an efficient liquid-liquid phase separation in the 
conditions of the process. A better understanding of the physical phenomena involved in those 
liquid-liquid phase separation will lead to an even better formulation of DMX™ solvents. 
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